Abstract. In neuronal growth cones, cycles of filopodial protrusion and retraction are important in growth cone translocation and steering. Alteration in intracellular calcium ion concentration has been shown by several indirect methods to be critically involved in the regulation of filopodial activity. 
I
NTRACELLULAR calcium ion concentration has proven to be a key second messenger in neuronal outgrowth (Mattson and Kater, 1987; Lankford and Letourneau, 1989; Rehder and Kater, 1992; Harper et al., 1994; Ghosh and Greenberg, 1995) . Process extension initiated by various outgrowth-promoting substrates is dependent on calcium influx (Williams et al., 1992; Kuhn et al., 1998) , which can activate calcium-dependent enzymes (Janmey, 1994; Jian et al., 1994; Chang et al., 1995; VanBerkum and Goodman, 1995; Bashour et al., 1997) and small GTPases involved in assembly of F-actin (Brill at al., 1996; Luo et al., 1996; Joyal et al., 1997; Tapon and Hall, 1997) . Steering of the growth cone also may be dependent upon gradients resulting from local, transient elevation of calcium concentration (Bedlack et al., 1992; Davenport and Kater, 1992; Davenport et al., 1996; Zheng et al., 1996a,b) . In contrast, calcium elevation within the growth cone can lead to disruption of F-actin filaments and microtubules (Lankford and Letourneau, 1989; Neely and Gesemann, 1994) and growth cone collapse (Bandtlow et al., 1993; Löschinger et al., 1997) . During axonogenesis, neurons can express spontaneous calcium spikes that mediate reductions in the rate of outgrowth (Gomez et al., 1995; Gu and Spitzer, 1995) . Blocking such transients with photo-releasable calcium chelator (diazo-2) can increase the rate of growth cone migration, whereas release of caged calcium can reduce the rate (Gomez and Spitzer, 1999) .
Protrusion of filopodia is a key feature of growth cone motility, and often has been monitored to analyze calcium signaling in neuron outgrowth. Protrusive activity was reduced by elevation of calcium throughout the growth cone with serotonin (Mattson and Kater, 1987) , calcium ionophore (Mattson and Kater, 1987; Rehder and Kater, 1992) , or depolarization with extracellular [K ϩ ] (Rehder and Kater, 1992; Rehder and Cheng, 1998) . Protrusive activity was increased by elevation of calcium throughout the growth cone with a large-scale electric field (McCaig, 1986) , or by a local electric field (Patel and Poo, 1984; Bedlack et al., 1992; Davenport and Kater, 1992; Manivannan and Terakawa, 1994) or a local [K ϩ ] depolarization (Manivannan and Terakawa, 1994) . These different outcomes may be due to the exact level of calcium elevation (Mattson and Kater, 1987) , to local versus global depolarization of the growth cone (Davenport and Kater, 1992) , or, even though these responses are calcium dependent, to collateral activation of other signaling pathways induced by different indirect methods of calcium elevation. Here, our first goal was to test the effect of local elevation of cal-cium ion concentration on protrusion of filopodia by an independent method, local photolysis of caged calcium; this direct method isolates the effect of calcium ion elevation from other up-stream signaling elements that may be invoked by indirect methods of calcium elevation.
Individual filopodia act as both sensory and motor appendages of the growth cone and have surprising capabilities. They can reorient the advance of the growth cone (Hammarback and Letourneau, 1986; O'Connor et al., 1990; Myers and Bastiani, 1993) , or mediate growth cone collapse (Kapfhammer and Raper, 1987) . Surgical isolation experiments have shown that filopodia contain the signal transduction mechanisms that can generate a second messenger (calcium elevation) response (Davenport et al., 1993 (Davenport et al., , 1996 . Our second goal was to further examine the response capabilities of filopodia by determining whether local elevation of calcium within a single filopodium can initiate a local motor (protrusion) response. Finally, using photolysis-triggered filopodial protrusion, we wished to examine the relationship between the de novo generation of filopodia and the preexisting disposition of cortical F-actin.
Materials and Methods

Culture of CNS Neurons
Grasshopper ( Schistocerca americana ) eggs at the 50% stage (Bentley et al., 1979) were sterilized and dissected in grasshopper saline. Thoracic and abdominal ganglia from ventral nerve cords were transferred to an Eppendorf tube containing an enzyme solution (2 mg/ml collagenase dispase; 0.5% ficin). After a 1-h incubation at 31 Њ C, the ganglia were rinsed three times in L-15 medium (GIBCO-BRL), and then triturated ‫ف‬ 30 times with a BSA-coated Gel saver II pipette tip (USA/Scientific Plastics). The dissociated cells were placed on a dish with a glass coverslip bottom coated with poly-L -lysine (1 mg/ml for 24 h; Sigma Chemical Co.) and goat anti-horseradish peroxidase antibody (1:50 dilution, incubated for 2 h at 31 Њ C immediately before use; Jackson ImmunoResearch). Cells were allowed to adhere to the coverslip for 10 min, and then were transferred to an incubator (31 Њ C) for 15-20 h before use.
Limb Fillet Preparation of Afferent Neurons In Situ
Eggs at the 32-33% stage were sterilized and dissected in grasshopper saline, and the embryos were transferred to a dish with a poly-L -lysine (5 mg/ml) coated glass coverslip bottom. Limb buds were placed ventral side down, opened with a glass needle, and spread flat on the coverslip (O'Connor et al., 1990) . Mesodermal cells were removed with a suction pipette, exposing the Ti1 pioneer afferent neurons. Fillets were maintained in supplemented RPMI culture medium (O'Connor et al., 1990) at 32 Њ C in a heated stage chamber (Medical Instruments) on a Nikon inverted microscope during the experiments.
[Ca 2 ϩ
] i Measurement
Calcium was elevated by photolysis of caged calcium compounds (DMnitrophen from Cal-Biochem; nitrophenyl [NP] 1 -EGTA from Molecular Probes; Nitr-5 from Cal-Biochem). It was not possible to measure calcium levels with Fura-based ratio-imaging in these experiments, because the excitation wavelengths for Fura compounds overlap extensively with the caged calcium compound photolysis wavelengths. Consequently, resting calcium levels, and levels after photolysis, were measured by fluorescence of Calcium-Green-1 (CG-1; Molecular Probes). Initially, the relationship between CG-1 fluorescence and calcium ion concentration in the presence of caged calcium was examined.
In Vitro Calibration of CG-1 Fluorescence versus Calcium Ion Concentration. In vitro calibration of the Ca 2 ϩ -sensitive dye CG-1 fluorescence was carried out under conditions matching, as much as possible, the subsequent photolysis experiments on cultured neurons (see below). Five solutions with different Ca 2 ϩ concentrations (Ca 2 ϩ -free, three intermediate Ca 2 ϩ levels, and saturated Ca 2 ϩ ) were prepared by mixing different amounts of Ca-EGTA and K 2 -EGTA, each with a total EGTA concentration of 20 mM. These solutions all contained 1.2 mM NP-EGTA and 0.06 mM CG-1 and all were adjusted to pH 7.2 and ionic strength 175 mM by addition of K-MOPS and K-gluconate. Free [Ca 2 ϩ ] in each solution was calculated using a K d for EGTA adjusted for an ionic strength of 175 mM, obtained by linear interpolation of the hydrogen-and calcium-binding constants of EGTA at 100 and 250 mM, and calculating the resultant K d at pH 7.2 using the equations of Tsien and Pozzan (1989) . Free [Ca 2 ϩ ] was calculated from numerical solution of the equilibrium buffer equations for a mixture of 20 mM EGTA, 1.2 mM NP-EGTA, and 0.06 mM CG-1, using K d s of 179, 90, and 190 nM, respectively. These calculations were checked by measuring [Ca 2 ϩ ] in solutions without NP-EGTA and CG-1, using Ca 2 ϩ -selective electrodes (Microelectrodes Inc.), and confirming that the measured [Ca 2 ϩ ] levels were close to those calculated for such solutions. The volumes of our final calibration solutions were not large enough to permit the use of Ca 2 ϩ -sensitive electrodes. For calibration measurements, solutions were placed in 20-m pathlength microcuvettes (Vitro Dynamics). CG-1 fluorescence was converted to Ca 2 ϩ concentration using the following equation:
( 1) where K d is the dissociation constant for CG-1, and F max is the fluorescence level for saturating Ca 2 ϩ and F min for zero Ca 2 ϩ . K d and ratio of F max / F min were obtained from the calibration curve (Fig. 1 a) .
We also tried to produce a calibration curve for the CG-1/NP-EGTA mixture after photolysis of NP-EGTA by amounts similar to those in our experiments. To do this, we exposed the microcuvettes to large-field illumination using the same optical arrangements as for photolysis in cells, calculating the amount of NP-EGTA photolysis and the expected effect on the free [Ca 2 ϩ ] in each calibration solution, and measuring the CG-1 fluorescence in each Ca 2 ϩ -buffer solution. Wide-field illumination was used to minimize the rapid reduction in [Ca 2 ϩ ] that would occur after photolysis due to rapid diffusion of uncaged Ca 2 ϩ out of the photolysis spot into the large volume of the cuvette.
Although [Ca 2 ϩ ] should have increased after photolysis, fluorescence dropped in all solutions, apparently due to bleaching of CG-1 by the photolysis illumination. This invalidated our attempt to obtain a CG-1 Ca 2 ϩ -calibration curve in the presence of partially photolyzed NP-EGTA. In contrast to these observations, in cells filled with NP-EGTA and CG-1, localized photolysis always led to an increase in CG-1 fluorescence. This is probably because, in nerve axons, unbleached CG-1 would quickly replace locally bleached CG-1 by diffusion, whereas Ca 2 ϩ itself would diffuse much more slowly because it is bound to nondiffusible native buffers in cytoplasm. Therefore, the local CG-1 fluorescence would quickly recover to the level appropriate for nonbleached CG-1 and Ca 2 ϩ released from NP-EGTA photolysis. There was no easy way to replicate this situation of rapid CG-1 diffusion but restricted Ca 2 ϩ diffusion in our calibration experiments. However, the effects of NP-EGTA photolysis on the Ca 2 ϩ sensitivity of CG-1 are likely to be modest (Neher and Zucker, 1993) , so we may use the calibration curve without photolysis to get a reasonable idea of the approximate levels of [Ca 2 ϩ ] i reached in our experiments.
[Ca 2 ϩ ] i Measurements in Cultured CNS Neurons. To examine [Ca 2 ϩ ] i elevation induced by photolysis, we next loaded cultured embryonic CNS neurons with CG-1 and caged calcium compounds. The cells were first exposed to membrane-permeable NP-EGTA (2 M), CG-1 (2 M), and 0.02% Pluronic (Molecular Probes) for 40 min at room temperature. Then, after washing three times, cells were rested for ‫ف‬ 1 h before experiments.
For photolysis, UV light from a 100-W mercury lamp was passed through a 505 dichroic mirror (74100 BS&M; Chroma) and a 60 ϫ , NA 1.4 Nikon objective lens, or through a Nikon UV-2A filter block and a Nikon 40 ϫ , NA 1.3 objective lens (UV light passage through these combinations was similar). Flash duration, ranging from 100 to 400 ms, was controlled by an electronic shutter (Ludl Electronic Products Ltd.).
After photolysis, Ludl filter wheels were repositioned to place in the light path a ND filter (1-4) to reduce photo damage to cells, and an appropriate excitation filter set (74100 BS&M; Chroma). Fluorescent images were collected by a CCD camera (SenSys; Photometrics), and transferred
to imaging software (Metamorph; Universal Imaging). CG-1 fluorescence initially was measured 2-3 s after photolysis, and at 2-3 s or longer intervals thereafter.
The CG-1 concentration loaded into axons of cultured neurons was estimated to be ‫ف‬ 60 M by comparing the resting fluorescence of filled axons to that of a micropipette shank of similar diameter filled with various test concentrations of CG-1 and with [Ca 2 ϩ ] buffered to ‫ف‬ 100 nM with 20 mM of a Ca-EGTA mixture. Acetoxymethyl ester compounds load into cells at rates highly dependent on their molecular weights, which are 1,147 and 654 D for esterified CG-1 and NP-EGTA, respectively. Cytoplasmic NP-EGTA should accumulate ‫ف‬ 10-20 times faster than CG-1 (Zhao et al., 1997) , to a level of ‫ف‬ 1.2 mM.
To estimate how high [Ca 2 ϩ ] i might rise under our experimental conditions, we measured the photolysis efficiency of our illumination spot by opening the field stop iris and exposing a 20-m path length microcuvette (VitroCom) containing 5 mM DM-nitrophen and 2.5 mM Ca 2 ϩ plus 0.1 mM Fluo-3 (Molecular Probes) in 100 mM KCl and 10 mM MOPS, pH 7.2. Exposure duration was varied until a duration was found that just caused a large increase in Fluo-3 fluorescence, measured shortly after photolysis. This provides an estimate of the time needed to photolyze half the DMnitrophen (Zucker, 1993) , which we found to be 80 ms when a 10% neutral density filter was used to attenuate photolysis light intensity. Assuming equal quantum efficiencies for Ca-free and Ca-bound DM-nitrophen (Ellis-Davies et al., 1996) , we converted the calculated photolysis rate for DM-nitrophen (87/s without the neutral density filter) to a photolysis rate for NP-EGTA (21.6/s) from their relative quantum efficiencies and ultraviolet absorbances (Kaplan and Ellis-Davies, 1988; Ellis-Davies and Kaplan, 1994) .
The effect of a 200-ms exposure to this light on the [Ca 2 ϩ ] i in a cell was simulated computationally by solving differential equations representing competing buffer reactions, NP-EGTA, and a Ca 2 ϩ extrusion process ( Fig. 1 b) . We included 1.2 mM NP-EGTA and 0.06 mM CG-1 plus 3 mM endogenous Ca 2 ϩ buffer (buffer ratio 150: (Fig. 1 a) . Fig. 1 b shows the expected elevation in [Ca 2 ϩ ] i in a neuronal process exposed to our Hg lamp through our microscope optics for 200 ms. [Ca 2ϩ ] i should rise to ‫4ف‬ M at the end of the light pulse, then drop within 3 s to 750 nM, and then gradually back to baseline within 15 s. Since the exact loading of NP-EGTA is uncertain, we also performed calculations assuming a cytoplasmic concentration of 0.6 mM NP-EGTA. In that case, [Ca 2ϩ ] i should rise to nearly 2 M, and drop within 3 s to 400 nM.
We also estimated the [Ca 2ϩ ] i in cultured CNS neurons using the values of K d and ratio of F max /F min from the CG-1 calibration curve (Fig. 1 a) and the measurements of CG-1 fluorescence inside the cultured neurons. The peak Ca 2ϩ level after a 200-ms photolysis was obtained using the following equation: (2) where F p is the CG-1 fluorescent intensity of the axon at peak [Ca 2ϩ ] i after photolysis, and F r is the CG-1 fluorescence at resting [Ca 2ϩ ] i before photolysis. From our measurements of CG-1 fluorescent intensity inside axons in culture after photolysis, the average F p /F r was ‫347.1ف‬ Ϯ 0.075 (Ϯ SEM, n ϭ 3). Minimal CG-1 fluorescence was measured from cells bathed in Ca 2ϩ -free grasshopper saline with addition of 5 mM EGTA and 5 mM ionomycin (Molecular Probes). The average F min /F r was ‫324.0ف‬ Ϯ 0.066 (Ϯ SEM, n ϭ 3). F max /F r can then be calculated using the ratio of F max /F min from the in vitro calibration. Using Eq. 2 and all the values we obtained for each parameter, [Ca 2ϩ ] p inside cultured axons was ‫063ف‬ nM. Similarly, the resting [Ca 2ϩ ] i was estimated using the following equation:
Again, using the values of K d and F max /F min from our in vitro calibration and the measurements of minimal CG-1 fluorescence inside actual axons used with ND 0.6. Photolysis sites were imaged for at least 20 min preceding the photolysis flash. For examination of the locations of filopodia with respect to F-actin patches, multiple image planes (3-6 per set) were taken.
We also examined actin dynamics by injecting rhodamine-actin into Ti1 neurons. Rhodamine-actin solution (Cytoskeleton) was dialyzed into Hepes injection buffer (1 mM Hepes, pH 7.2, 0.2 mM MgCl 2 , 0.2 mM ATP) and concentrated (2 mg/ml) with microconcentrators (Amicon).
Results
Photolysis of Caged Calcium in Nascent Axons in Culture
Using the calibrations described above (Materials and Methods), we measured resting [Ca 2ϩ ] i and [Ca 2ϩ ] i after photolysis in 13 cultured CNS neurons loaded with NP-EGTA from 6 different cell culture experiments. Loaded neurons were viewed with differential interference contrast (DIC) optics, and imaged with the CCD camera before and after photolysis of a small (20-30 m) region at or near the growth cone. Qualitatively, CG-1 fluorescence rose sharply after photolysis and returned gradually to the resting level within ‫51-01ف‬ s (Fig. 2 a2) .
To quantify the calcium concentration changes, minimal CG-1 fluorescence (F min ) was measured by placing neurons in calcium-free medium with a calcium chelator (EGTA) and ionomycin (to admit calcium). Peak CG-1 fluorescence (F p ) was measured after a 200-ms photolysis. K d and F max /F min values from the calibration curve (Fig. 1 a) then were used with Eq. 2, to calculate peak calcium ion concentration and, using Eq. 3, resting [Ca 2ϩ ] i . Intracellular [Ca 2ϩ ] before and after photolysis for a cultured cell is shown in Fig. 2 b2. Resting Ca 2ϩ concentration was estimated to be ‫06ف‬ nM. The observed calcium ion concentration of 360 nM 3 s after a 200-ms photolysis compares well with the computed value of 410 nM ( Fig. 1 b) for an [NP-EGTA] of 0.6 mM. The extrapolated [Ca 2ϩ ] i immediately after photolysis is ‫1ف‬ M.
Photolysis of Caged Calcium in Nascent Axons In Situ
Based upon the computed and observed photolysisinduced calcium elevation in neurons in culture, neurons next were examined in situ. Ti1 neurons extending axons on embryonic limb bud epithelium (O'Connor et al., 1990) were injected with NP-EGTA or Nitr-5. Comparisons with known concentrations of a fluorescent marker (rhodamine-dextran) were used to determine the intracellular injection regimen to achieve a desired concentration of caged calcium compound. The photolysis rate for this concentration and compound were used to compute Ca 2ϩ concentrations resulting from flashes of 100-400 ms (Fig. 1 c) . The neurons were double-labeled with DiI for CCD imaging.
Segments of nascent axon 20-30 m in length and just behind the growth cone were selected for photolysis. These regions, while capable of extending filopodia, normally did so at a lower rate than the leading edge of the growth cone (we did not use the leading edge of the growth cone for our experiments because the high frequency of filopodial protrusion made it difficult to isolate the effect of Ca 2ϩ elevation). Using injection regimens selected to load the neurons with ‫52.1ف‬ mM Nitr-5, we started with 100-ms flashes, and increased flash length in 3). To estimate the amount that was injected, solutions also contained 2 mM rhodamine-dextran (Molecular Probes). Rhodamine fluorescence in injected neurons was compared with that of micropipettes of similar diameter containing various known concentrations of rhodamine-dextran. We found that injection with 3-5 pulses (1.0 PSI; 300 ms duration) gave a dilution of ‫04/1ف‬ in the cell regions selected for photolysis, with an expected Nitr-5 concentration of ‫52.1ف‬ mM.
From the relative absorbances and quantum efficiencies of DM-nitrophen and Nitr-5, we calculated a photolysis rate of 21.8 s Ϫ1 for Ca 2ϩ -loaded Nitr-5, and 7.9 s Ϫ1 for Ca 2ϩ -free Nitr-5. Assuming a Nitr-5 concentration of 1.25 mM and a Ca 2ϩ loading that leaves the resting [Ca 2ϩ ] i at 60 nM, UV exposures of 100 and 400 ms are predicted to elevate [Ca 2ϩ ] i to 300 and 900 nM, respectively (Fig. 1 c) .
Successfully injected neurons were labeled with 1,1Ј-dihexadecyl-3,3, 3Ј,3Ј-tetramethylindocarbocyanine perchlorate (DiI; Molecular Probes) by gently touching the cell body membrane with DiI crystals on an electrode tip (O'Connor et al., 1990) . Within ‫51-01ف‬ min, the lipophilic dye diffused to the growth cone and labeled all filopodia. For control experiments, Ti1 neurons were either labeled with DiI alone or injected with BAPTA injection solution (50 mM Nitr-5, 20 mM CaCl 2 , 140 mM K Hepes, 50 mM K 2 BAPTA, pH 7.3) and labeled with DiI. Photolysis for 100, 150, and 200 ms was calculated to elevate [Ca 2ϩ ] i to 98, 111, and 120 nM, respectively (Fig. 1 c) . The distribution of flash durations for control experiments, between 100 and 200 ms, was matched to the distribution of flash durations that had induced filopodial extension.
Using a diaphragm to select a small area (20-30 m in diameter) on the growth cone, nascent axon, or on filopodia, injected cells were illuminated either through the 505 dichroic/60ϫ objective, or the UV-2A filter block/ 40ϫ objective. Starting with a 100-ms flash, photolysis time was increased in 50-ms increments until a morphological response was observed or until a maximum flash length of 400 ms was reached.
Using the CCD camera with a ND1 or ND2 neutral density filter and a Chroma phycoerythrin filter block (41003; Chroma), DiI labeled processes were imaged for 50-200 ms. For growth cones and nascent axons, sets of 3-5 focal planes were taken: the axons are 1-2 m in diameter; for 3-focal plane sets, one plane was taken through the middle of the axons, and one 1-1.5 m above and below the axons; for 5-focal plane sets, the additional planes were at least 2 m away from the axon. Measurement of filopodial length was done using the MetaMorph Imaging System or NIH Image.
To confirm that similar results would be observed in culture, plated neurons were loaded with NP-EGTA (as above), rinsed, and then incubated in 6 g/ml DiI solution for 15 min. Cells were rested for 1 h before experiments.
Filopodial Protrusion Sites and F-Actin Disposition
Since the cytoskeletal scaffold of filopodia primarily comprises F-actin bundles, we examined the disposition of F-actin in these cells with respect to the sites of filopodial protrusion after photolysis of caged calcium.
Initially, F-actin disposition was examined in fixed cells. Cells were fixed in glutaraldehyde (0.25, 0.1, 0.5, and 1%), formaldehyde (3.7%), or paraformaldehyde in an actin stabilizing buffer. Similar results were obtained with all fixes, although the following paraformaldehyde fixation resulted in the most consistent, low background, preparations for light microscope: cells were fixed in 4% paraformaldehyde in PHEM (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl 2 , pH 6.9) for 20 min, washed in PHEM three times and then permeabilized with 0.1% Triton X-100 or 0.02% saponin in PBS (150 mM NaCl, 20 mM Na 2 HPO 4 , pH 7.4) for 5 min. After being washed three times in PBS, cells were incubated in rhodamine-phalloidin (1 g/ml; Molecular Probes) for 20 min. Cells were then rinsed in PBS, cleared in glycerol and mounted with Vectashield mounting medium (Vector Labs), and either photographed directly in a Nikon microscope, or imaged in a Bio-Rad 1024 confocal microscope.
For live labeling, Ti1 afferent neurons in limb fillets were injected with caged Ca 2ϩ solution containing 0.1-0.25 mM rhodamine-phalloidin, and photolyzed (as above). For in situ CCD imaging of rhodamine-phalloidin, 200-400-ms exposures with a Chroma phycoerythrin filter set were generally 50-ms increments. We found that flashes in the 100-200-ms range usually became effective in effecting filopodial protrusion. These flashes should result in intracellular peak Ca 2ϩ concentrations of ‫008-003ف‬ nM (Fig. 1 c) . A single photolysis flash typically was followed by elongation of filopodia within the flash zone, and also by extension of new filopodia (Figs. 3 and 4) . We measured morphological changes of filopodia after photolysis at 32 photolysis sites on 22 Ti1 neurons from 22 limb fillets (Fig.  4) . New filopodia could appear within 1 min, and were several micrometers in length by 5 min. The number of filopodia in the target region was significantly increased after the flash (P ϭ 0.001; Fig. 4 ). It peaked ‫51-11ف‬ min after the flash (Fig. 4 B) , and was substantially reduced by 21-30 min after the flash. The total length of all filopodia in the flash zone increased and decreased with a similar time course (Fig. 4 A) . Although multiple flashes appeared to sustain filopodial protrusion (Fig. 3) , we did not systematically study their effects. We also performed 13 photolysis experiments on 8 different cultured cells, and found that the filopodial responses after photolysis in all 13 experiments were similar to those occurring in Ti1 neurons in situ (data not shown). These results suggest that calcium ion elevation can promote elongation of existing filopodia, and can initiate protrusion of new filopodia.
To determine whether the observed effects on filopodia were due to Ca 2ϩ elevation per se, we used three control conditions (Fig. 4) . First, to control for normal protrusive activity, the number and length of filopodia after a flash were compared with the number and length of filopodia in the same time interval preceding the flash. Second, to control for possible photo-effects of DiI fluorescence, the number and length of filopodia were measured in neurons labeled with DiI, but not injected with caged calcium. Third, to control for possible effects of the caging molecule, or the photolysis thereof, the number and length of ] i was calculated using the CG-1 calibration curve (Fig. 1 a) . Bars, 10 m in a1, 5 m in b1. filopodia were measured in neurons coinjected with Nitr-5 and a calcium buffer (BAPTA). In none of these control conditions were significant effects on filopodia observed. These results indicate that [Ca 2ϩ ] i elevation after photolysis specifically was required to induce filopodial protrusion.
In addition to nascent axons, individual filopodia also were targeted. Filopodia of these axons have a consistent uniform diameter (O'Connor et al., 1990) . We selected target zones that contained 10-20-m regions along the length of one or more filopodia, but did not contain nascent axon, lamellae, or a region of a filopodium that was enlarging into a branch. Photolysis of these regions typically resulted in one or more new filopodia arising along the length of the targeted filopodium (Fig. 3 b2) . In a controlled set of 21 filopodia exposed to regional photolysis, no new filopodia arose in neurons labeled with DiI but not injected with caged calcium (7 filopodia tested), or in neurons injected with caged calcium and with BAPTA (7 filopodia tested); by contrast, filopodial branching events occurred after photolysis in all neurons injected with caged calcium alone (7 filopodia tested). This result suggests that all components necessary to generate a filopodium are present in filopodia and can be activated by local calcium elevation.
F-Actin Distribution and Filopodium Protrusion Sites
Since generation of new filopodia requires polymerization of new F-actin, we examined the disposition of F-actin in these cells and its response to calcium elevation. We started by examining F-actin in fixed, cultured CNS neurons, using a variety of actin stabilization and fixation procedures (Materials and Methods). We imaged F-actin disposition in 76 fixed grasshopper embryonic CNS cells from 18 cell culture experiments. We observed conventional F-actin distribution including (a) relatively little F-actin in the central domain of the growth cone and in the interior of the nascent axon; (b) concentrated F-actin at the leading edge of the growth cone; (c) concentrated F-actin at the bases of some (presumably extending) branches, and some filopodia; and (d) cortical F-actin along the nascent axon (Fig. 5 a) .
We looked at live labeling of actin in Ti1 pioneer neurons in situ by injecting rhodamine-actin into cell bodies. Injected rhodamine-actin diffuses rapidly into these growth cones and filopodia, and predominantly appears to reveal F-actin structures, presumably because of the high density of labeled monomers (O'Connor and Bentley, 1993) . We injected four Ti1 neurons with rhodamine-actin; the actin labeling was similar in all cells. The observed labeling was similar to that in fixed, rhodamine-phalloidin labeled neurons (Fig. 5 b) . As in fixed cells, the cortical labeling was not uniform, but usually was relatively dense in some areas, and relatively sparse in others. Some of the dense labeling occurred in fairly distinct patches (Fig. 5 b) . Patches could be localized to the bases of filopodia, or to other cortical regions.
To confirm that these patches were F-actin, and to monitor their activity, we injected 22 live Ti1 neurons with low concentrations of rhodamine-phalloidin (which previously has been shown not to disrupt filopodial activity; O'Connor and Bentley, 1993) . These axons and growth cones (Fig. 5 c) appeared very similar to rhodamine-actin injected growth cones. When axons were observed for several minutes (Fig. 5 d) , cortical F-actin was seen to change, with patches forming or disappearing, increasing or decreasing in density, and sometimes moving distally or proximally along the axon.
We then coinjected caged calcium with rhodamine-phalloidin, targeted regions of the nascent axon with photolysis flashes, and imaged subsequent changes in filopodia (with rhodamine filters) and in F-actin. New filopodia arose from the target regions, and we examined the relationship between the sites of F-actin accumulation, and the sites of filopodial protrusion. In some cases, new filopodia arose from sites where no preexisting F-actin patch had been observed; some prominent F-actin patches within target zones were not the sites from which filopodia emerged; and, often, filopodia emerged at the sites of preexisting F-actin patches. A case where several filopodia emerged from F-actin patches in the target zone is shown in Fig. 5 e.
To quantify the relationship between filopodial protrusion and F-actin accumulation along the axons, we counted the total number of new filopodia after photolysis experiments and determined whether those filopodia were associated with F-actin patches or not. The data from 24 experiments are summarized in Table I . For each experiment, three to six images at different focal planes were collected every 5 min in the photolysis area, and each cell was followed for ‫03ف‬ min after photolysis. In this sample set, ‫%48ف‬ of new filopodia were initiated from preexisting F-actin patches, ‫%01ف‬ were from F-actin patches newly formed after photolysis, and ‫%6ف‬ from cortical sites without detected F-actin accumulation. Thus, new filopodia were disproportionately, but not exclusively, associated with F-actin patches.
Discussion
Using intracellular caged calcium compounds, we investigated the effect of direct elevation of calcium ion concentration on filopodia extended from target regions of nascent axons, and on the relationship between lateral filopodia and cortical F-actin. The selected target regions were just proximal to the growth cones of Ti1 afferent neurons undergoing axonogenesis on an epithelial substrate in situ. After a brief (50-200 ms) photolysis flash, intracellular Ca 2ϩ concentration probably rose within a second to a peak of ‫1ف‬ M, and then declined rapidly back to the resting level within 10-15 s. The increase in [Ca 2ϩ ] i in- duced elongation of existing filopodia, and protrusion of new filopodia. Elongation or protrusion could begin within less than a minute, and peaked ‫51-01ف‬ min after the flash. Photolysis of distal regions of individual filopodia induced new filopodia (branching) in the flash zone. In neurons coinjected with rhodamine-phalloidin, F-actin was observed to be nonuniformly distributed in the submembrane cortex of the nascent axon; F-actin accumulations formed, moved, coalesced, fragmented, and dispersed. Photolysis-induced filopodia emerged disproportionately from F-actin patches.
Calcium Release and Measurement
We used caged calcium compounds to elevate [Ca 2ϩ ] i because we wanted to localize the calcium change spatially and to restrict the initial signaling event to calcium (bypassing upstream signaling elements). A disadvantage of this approach is that overlap in activation wavelengths precludes ratio imaging with Fura-based compounds, since the measurement procedure would itself photolyze caged calcium and elevate [Ca 2ϩ ] i . Consequently, we estimated [Ca 2ϩ ] i changes using a single-wavelength indicator, CG-1. In vitro, we measured, and plotted, CG-1 fluorescence at Figure 5 . Distribution of F-actin in nascent axons and filopodial protrusion from sites of F-actin accumulation (patches). (a) Rhodamine-phalloidinlabeled F-actin in a cultured and fixed CNS growth cone. A bright band of rhodamine-phalloidin labeling is seen along the leading lamellum of the growth cone (between the two arrowheads) where many filopodia are protruding. F-Actin accumulations also occur at the bases of some lateral branches (arrow), some lateral filopodia, and nonuniformly along the axon cortex. (b) Actin labeling by injected rhodamine-actin in live Ti1 neurons. Various sizes and densities of actin accumulations (patches) are observed (b1, arrow). These actin patches frequently occur at the bases of filopodia (b2, arrow), although some do not (b2, arrowhead). (c) F-Actin labeling by rhodamine-phalloidin in live Ti1 neurons. F-Actin accumulations (arrow) appear similar to the patches seen with labeled actin (b2). (d) F-Actin labeling by rhodamine-phalloidin in a pair of live pioneer neurons. As in fixed cells, F-actin accumulations occur at the bases of some branches (arrowheads) and filopodia, and along the axon cortex. The cortical labeling is nonuniform, and often occurs in fairly distinct patches (arrows). (d2) These F-actin patches and accumulations can increase and/or decrease in intensity, and can move laterally (arrows). d2 was taken 5 min after d1. (e) Live pioneer axons in situ that have been coinjected with caged calcium and rhodaminephalloidin. Several F-actin patches (e1, arrows) occurred along this region of the nascent axon. After a 300-ms photolysis flash (5 min after e1) of the entire region, filopodia were extended from the two most distal patches (e2, top left arrows, 11 min after flash), and then from the most proximal patch (e3, bottom right arrow, 16 min after flash). By the time the last filopodium had extended, the first (e3, top left arrow) already had retracted. Bars, 5 m. different calcium concentrations (Fig. 1 a) . In models (Fig.  1, b and c) and in AM-loaded cultured neurons (Fig. 2) Elevation of intracellular calcium concentration throughout a growth cone by application of serotonin, by depolarization, or by calcium ionophore can cause a reduction in the number of filopodia (Mattson and Kater, 1987; Rehder and Kater, 1992; Rehder and Cheng, 1998) . This result is consistent with the loss of F-actin (and microtubules) seen after calcium elevation (Lankford and Letourneau, 1989; Neely and Gesemann, 1994) , with calcium-mediated growth cone collapse that can be induced by repellent guidance molecules (Bandtlow et al., 1993; Löschinger et al., 1997) , and with the reduction in outgrowth mediated by spontaneous calcium spikes (Gomez et al., 1995; Gu and Spitzer, 1995) , or caged calcium-induced calcium transients (Gomez and Spitzer, 1999) . In contrast, an increase in the number of filopodia can be initiated by calcium elevation induced by a large-scale electric field (McCaig, 1986) , depolarizing electrode (Bedlack et al., 1992; Davenport and Kater, 1992; Manivannan and Terakawa, 1994) , or local [K ϩ ] elevation (Manivannan and Terakawa, 1994) . These different outcomes may be due to the localization of the calcium elevation (Davenport and Kater, 1992) or to the level of [Ca 2ϩ ] i reached (Mattson and Kater, 1987) . In addition, intracellular events after depolarization are not restricted to elevation of calcium concentration, and other intracellular effects might influence the calcium influxdependent outcomes seen with different methods of depolarization. Our direct elevation of calcium concentration with photolysis of caged calcium bypasses these other possible upstream events, and makes a strong case that local calcium elevation can, by itself, directly initiate protrusion of filopodia. In contrast to protrusion of new filopodia, lengthening of already existing filopodia has been a consistently observed result of elevation of intracellular calcium ion concentration by several methods (Bedlack et al., 1992; Davenport and Kater, 1992; Rehder and Kater, 1992) , including extracellular K ϩ , current passing electrodes, calcium ionophore and, now, photolysis of caged calcium ions. The calcium levels, onset, and time course of this response observed with caged calcium are comparable to those features observed with other methods.
Signal Detection and Response Capabilities of Single Filopodia
Growth cones can project many filopodia that can extend several tens of micrometers, potentially greatly increasing exploration of the embryonic environment. This potential is realized by the surprising capabilities of filopodia. Single filopodial contacts can steer the growth cone in situ (O'Connor et al., 1990; Myers and Bastiani, 1993) or initiate growth cone retraction (Kapfhammer and Raper, 1987) . Recent work has examined the sensory signaling and motor capabilities of single filopodia. In response to depolarizing extracellular current, calcium ionophore, soluble neurotransmitters (Davenport et al., 1993) , or contact with laminin-coated beads (Kuhn et al., 1998) , isolated filopodia can generate a calcium-elevation response followed by restoration of calcium concentration to the resting level. In isolated filopodia, however, stimuli that elevated calcium resulted in shortening rather than lengthening (Davenport et al., 1993) . This raises the issue of whether calcium signaling that is restricted to a filopodium can activate an effector response (Rehder and Cheng, 1998) , particularly since organelles that may mediate calcium signal amplification may not be present within filopodia (Davenport et al., 1996) .
We tested this issue by using photolysis of caged calcium to restrict calcium elevation to filopodia (Fig. 3 b1) . We found that filopodia can generate an effector response to this calcium signal by initiating multiple new filopodia within the illuminated region (Fig. 3 b2) . Thus, single filopodia apparently contain all of the receptor, signaling, and effector molecular machinery necessary to generate an outgrowth response. Furthermore, transient calcium elevation that is confined to the filopodium itself is sufficient to trigger the signal cascades to initiate filopodial protrusion. Interestingly, one of the most consistent early responses seen in situ when a filopodium contacts a powerful attractive substrate, the surface of a guidepost cell, is initiation of multiple new filopodia at the contact site (O' Connor et al., 1990) .
De Novo Generation of Filopodia at Cortical F-Actin Patches
Although considerable progress has been made in understanding actin assembly and mechanics (Lin and Forscher, 1993; Lin et al., 1996; Mitchison and Cramer, 1996; Suter et al., 1998) , many features of the signaling pathways controlling cell motility and generation of filopodia remain unresolved. Filopodial assembly can be driven by small GTPases (Luo et al., 1996; Tapon and Hall, 1997) , particularly cdc42, and associated proteins (Brill et al., 1996; Bashour et al., 1997; Miki et al., 1998) . There is substantial evidence that calcium-sensitive proteins affect outgrowth, filopodia, actin, and actin assembly controllers (Janmey, 1994; Chang et al., 1995; Gomez et al., 1995; Gu and Spitzer, 1995; VanBerkum and Goodman, 1995; Brill et al., 1996; Joyal et al., 1997; Potter et al., 1998) . Using coinjection of caged calcium and rhodamine-phalloidin, we examined the relationship between disposition of F-actin along nascent axon shafts, local elevation of calcium concentration, and the protrusion sites of filopodia (Fig. 5) . We observed that F-actin is not uniformly distributed in the cortex of nascent axons, but occurs in accumulations of varying density that can be motile and transient. After photolysis, new filopodia emerge most frequently from preexisting F-actin accumulations, although new accumulations sometimes form before a filopodium emerges, and in a few cases no accumulation is observed at a filopodial protrusion site (Table I) . We did not observe a consistent increase in number of F-actin patches after photolysis; transient [Ca 2ϩ ] i elevation may induce filopodial protrusion not by initiating more de novo F-actin patches, but by activating the actin regulatory proteins located near or inside the preexisting F-actin patches to reorganize actin filaments and initiate filopodial formation.
In budding yeast, F-actin accumulations, termed patches (Kilmartin and Adams, 1984; Li et al., 1995) , contain actinbinding proteins (Amatruda and Cooper, 1992; Mulholland et al., 1994; Lappalainen and Drubin, 1997) and also move laterally in the cortex (Doyle and Botstein, 1996; Waddle et al., 1996) . In growth cones and nascent axons, there also may be dynamic, transient aggregations of actin assembly-associated proteins that can either generate a new filopodium, or disassemble. Such aggregates may be preferentially activated to generate a filopodium by local elevation of calcium concentration.
